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[1] The Vector Electric Field Investigation suite on the C/NOFS satellite includes a
fluxgate magnetometer to monitor the Earth’s magnetic fields in the low-latitude
ionosphere. Measurements yield full magnetic vectors every second over the range of
�45,000 nT with a one-bit resolution of 1.37 nT (16 bit A/D) in each component. The
sensor’s primary responsibility is to support calculations of both V � B and E � B with
greater accuracy than can be obtained using standard magnetic field models. The data
also contain information about large-scale current systems that, when analyzed in
conjunction with electric field measurements, promise to significantly expand
understanding of equatorial electrodynamics. We first compare in situ measurements with
the POMME (Potsdam Magnetic Model of the Earth) model to establish in-flight sensor
“calibrations” and to compute magnetic residuals. At low latitudes the residuals are
predominately products of the storm time ring current. Since C/NOFS provides a
complete coverage of all local times every 97 min, magnetic field data allow studies of the
temporal evolution and local time variations of storm time ring current. The analysis
demonstrates the feasibility of using instrumented spacecraft in low-inclination orbits to
extract a timely proxy for the provisional Dst index and to specify the ring current’s
evolution.
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1. Introduction

[2] The morphology and evolution of the ring current are
critical issues for understanding inner magnetospheric
dynamics during magnetic storms. Westward flowing cur-
rents produce southward magnetic perturbations near the
equator on Earth that are antiparallel to the main field. As the
storm time ring current intensifies the horizontal component
of the geomagnetic field becomes increasingly depressed at
low latitudes on the ground. These magnetic perturbations
provide a convenient tool to monitor the evolution of the
ring current. The Dst index is derived from ground-based
magnetometer measurements, and is the most widely used
proxy to characterize the ring current, and thus the state of
solar wind-magnetosphere interactions. The Dst index is

presented as hourly averages of horizontal magnetic pertur-
bations measured at four widely spaced, off-equatorial
ground stations [Sugiura and Kamei, 1991]. Magnetic
perturbations generated by the ring current are major con-
tributors to the Dst index. The well-known Dessler-Parker-
Sckopke relation shows that Dst is proportional to the total
energy stored in the ring current [Dessler and Parker, 1959;
Sckopke, 1966;Wolf, 1995]. Other systems that contribute to
Dst include the magnetopause, cross-tail, and field-aligned
currents as well as local induction effects [Araki et al., 1993;
Turner et al., 2000; Ohtani et al., 2001; Häkkinen et al.,
2002; Tsyganenko and Sitov, 2005].
[3] Many recent studies have focused on the relative con-

tribution of the partial ring current, showing that it plays a
dominant role during magnetic storms. For example,
Liemohn et al. [2001] found that more than 80% of magnetic
depressions near Dst minima are due to the partial ring cur-
rent. Le et al. [2004] showed that whenever Dst reaches
�100 nT, the total partial ring current is about three times
stronger than the total symmetric current. However, due to
the spatial and temporal averaging used in calculating Dst
information about the local time variations of the ring current
is not reflected in the Dst index. Consequently, Dst is still
widely regarded as a measure of the symmetric ring current.
[4] Iyemori [1990] and Iyemori and Rao [1996] introduced

similar ground-based indices, derived from measurements
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at six midlatitude stations that describe both symmetric
(SYM-H) and asymmetric (ASY-H) disturbances ascribable
to the ring current. The wider longitudinal coverage of
contributing ground stations and 1 min reporting rates often
make SYM-H more useful than Dst. The ASY-H index
measures the range between observed maximum and mini-
mum deviations from SYM-H, and is often used as an
indicator of ring current asymmetry. While indicating the
partial ring current’s strength, ASY-H says nothing about
where it peaks in local time (LT).
[5] Local time variations of magnetic field disturbances

are useful for understanding the formation and evolution of
the storm time ring current. In a statistical examination of
how magnetic perturbations vary with local time at geo-
synchronous altitude, Ohtani et al. [2007] demonstrated
strong day-night asymmetries during both main and recov-
ery phases. The degree of asymmetry is much stronger
during the main phase. They attributed the dawn-dusk
asymmetry observed at low-latitude and midlatitude ground
stations to the shielding effect of field-aligned currents that
close the partial ring current through the ionosphere [Wolf
et al., 2007].
[6] Recently Burke et al. [2011] showed that a space-

based proxy for provisional Dst can be extracted from
magnetic perturbations sampled as Defense Meteorological
Satellite Program (DMSP) spacecraft cross the dip equator at
840 km. While southward perturbations measured during the
main phases of storms are consistently stronger in the dusk
than dawn MLT sector, the coverage provided by DMSP
proved too narrow to fully specify the ring current’s distri-
bution in local time. Love and Gannon [2010] addressed this
issue using simultaneous magnetic field measurements from
25 low-latitude ground stations to map time-dependent field
disturbances as functions of local time during magnetic
storms. Reported local time variations of storm time mag-
netic disturbances display substantial variability and com-
plexity that depend on storm phases as well as the structure
of individual storms. A feature common to most storms
reported by Love and Gannon [2010] and Burke et al. [2011]
is a strong dawn-dusk asymmetry during main phases that
decreases during recovery.
[7] Here we report on both local time and orbit-averaged

variations of storm time magnetic fields observed in the low-
latitude ionosphere with the triaxial fluxgate magnetometer
onboard the Communications/Navigation Outage Forecast
System (C/NOFS) satellite. We demonstrate that C/NOFS
magnetometer measurements allow near real time informa-
tion about the ring current’s LT variability as well as the Dst
index. The World Data Center at the University of Kyoto
publishes Dst at two levels of maturity: “Real-time Quick-
look” and “Final” Dst. “Quick-look” Dst is available in near
real time. Currently, “Final” Dst data are available only
through 2008, or about 3 years after the times of data
recordings. The present analysis focuses on data acquired
after April 2008, so reported comparisons are mostly with
real-time, not final, Dst. However, since the C/NOFS-based
proxy replicates real-time Dst to a high degree, in practical
application scenarios data latency would be reduced.
[8] The remainder of this paper is divided into four parts.

Section 2 describes the C/NOFS spacecraft, its scientific
magnetometer payload, the POMME (Potsdam Magnetic

Model of the Earth) model used to establish in-flight cali-
brations of the sensor and the methods used to extract mag-
netic perturbations from the data stream. Section 3 provides
examples of C/NOFS measurements acquired during four
representative magnetic storms between 2008 and 2010. We
demonstrate very high correlations (≥0.96) between mea-
sured northward magnetic perturbations (dBN) and provi-
sional or quick-look Dst. The local time distributions of dBN

measurements are shown to be similar to those reported by
Love and Gannon [2010]. Section 4 comments on the quality
of the C/NOFS-based proxy for Dst and the feasibility for
using dBN distributions to increase understanding of ring
current asymmetry. Section 5 summarizes new C/NOFS
observational results and present understanding of their
physical significance.

2. C/NOFS Data Reduction

[9] The C/NOFS spacecraft was launched into a nearly
circular 13° inclined orbit on 17 April 2008 with a scientific
payload designed to help specify and forecast plasma density
irregularities in the equatorial ionosphere that degrade tran-
sionospheric radio transmissions [de La Beaujardière et al.,
2004, 2009]. The satellite is 3-axis stabilized and has an
orbital period of �97.5 min. Initial apogee and perigee were
at altitudes of 867 and 401 km, respectively. The scientific
payload includes a suite of sensors to monitor the distribu-
tions and dynamics of plasmas and electric fields in the low-
latitude ionosphere [de La Beaujardière et al., 2004]. This
report only uses data acquired by the Vector Electric Field
Instrument (VEFI) [Pfaff et al., 2010] on the C/NOFS
spacecraft.
[10] The VEFI suite on C/NOFS includes a sensitive 3-

axis fluxgate magnetometer that is mounted on a 0.6 m
boom. It measures the three orthogonal components of the
Earth’s magnetic field using 16 bit A/D converters with a
dynamic range of �45,000 nT. Magnetic field components
are digitized at 1024 sample/s and then averaged onboard the
spacecraft to 1 sample/s before transmission to ground. The
primary objective of the VEFI magnetometer is to provide
accurate and simultaneous measurements of local magnetic
fields needed to determine induced -Vsatellite � B electric
fields. This is critical for extracting the weak ambient elec-
tric fields that drive plasma dynamics in the low-latitude
ionosphere. It is also needed to make accurate calculations of
E � B drifts and rotating them into appropriate magnetic
coordinates. The high quality of these C/NOFS measure-
ments allows useful studies of magnetospheric current
effects.
[11] The first step in analyses of raw C/NOFS magnetic

field measurements is to calibrate them against terrestrial
magnetic field models. For this task we have utilized and
compared outputs of the most recently updated IGRF
(International Geomagnetic Reference Field, available at
http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html) and the
POMME-6 (the Potsdam Magnetic Model of the Earth,
available at http://geomag.org/ models/pomme6.html) models.
The IGRF is a model of the Earth’s main field and its secular
variation, and does not contain contributions from external
fields. The POMME-6 model, on the other hand, includes
both the main field and the contributions to the near-Earth
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field from external current systems based on magnetic field
measurements from Orsted and CHAMP [Maus and Lühr,
2005]. In particular, the magnetopause and ring current con-
tribution is a constant field plus a variable part parameterized
by the Dst index.
[12] The goal of the data calibration procedures is to

determine a set of calibration parameters for establishing
sensor gains (or conversion factors from engineering into
physical units), sensor offsets (or readings at zero fields),
and the nonorthogonality matrix for the sensor axes. When
calibrating the C/NOFS data with the models, we apply the
set of calibration parameters to the C/NOFS data to yield the
corrected data (in mathematic form only at this stage), and
then calculate the difference between the corrected data and

the model predictions. The “in-flight calibrations” is a pro-
cedure to minimize the differences between measured and
model fields on a statistical basis and yield the best fit values
of the set of calibration parameters.
[13] Figure 1 shows an example of all magnetic field

residuals (dB) in geographic coordinates (GEO) for data
acquired over the magnetically quiet day 6 June 2008. Red
traces in Figure 1 represent difference between C/NOFS
measurements and the IGRF model obtained after calibrat-
ing C/NOFS data against the most recent IGRF model. The
plot shows that the maximum residuals are �100 nT, a few
tens of 1% of the 20,000 to 30,000 nT main field along
C/NOFS trajectories. Blue traces represent differences
between C/NOFS measurements and the POMME model

Figure 1. Comparison between the C/NOFS magnetic field data calibrated by POMME model (blue) and
IGRF model (red) on 6 June 2008, a geomagnetic quiet day.
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after calibrating C/NOFS data against the latest POMME
model. Clearly, the quiet time residuals obtained with the
POMME model calibrations are significantly lower in both
the magnetic field’s components and strength. These cali-
bration results show that, on average, the POMME model
accurately reproduces C/NOFS-measured magnetic field
vectors to within �20 nT, i.e., to within 0.1% in magnitude
and 0.1° in direction of the main field everywhere in the
low-latitude ionosphere, except in the South Atlantic
Anomaly. For this reason all magnetic field data presented
below were calibrated against the latest POMME model
available at the time of data acquisition.
[14] After C/NOFS measurements are calibrated, we then

calculate their differences from corresponding IGRF model
values to study signatures of the storm time ring current. The
reason for subtracting the IGRF model values from
POMME-calibrated C/NOFS data is that the IGRF model
represents the Earth’s internal magnetic field only. Thus,
resulting magnetic residuals should reflect the contributions
of external currents flowing in the ionosphere and magne-
tosphere. During magnetic storms, the dominant contributors
to these residuals are magnetic perturbations produced by
the ring current. Thus, residuals enable us to study the
characteristics of the ring current and its evolution.

3. Storm Time Magnetic Field Observations

[15] Data presentation in this section proceeds in two
phases. We first examine LT variations of magnetic field
residuals that demonstrate what can be learned about the
distribution of the storm time ring current using magnet-
ometers on satellites like C/NOFS in low-inclination orbits.
C/NOFS provides coverage of all local times every orbit at a
cadence that is much shorter than time scales of magnetic
storms. Thus, magnetic field measurements acquired over

each orbit provide information about the local time asym-
metry and evolution of the ring current. In the low-latitude
ionosphere, the magnetic field perturbations produced by the
ring current are expected to be southward along the Earth’s
dipole direction, or a negative northward magnetic pertur-
bations (dBN). We concentrate on dBN observed during two
magnetic storms that illustrate these ring current character-
istics. The second phase compares the evolution of orbit-
averaged residuals with that of provisional Dst during four
disturbed periods.

3.1. LT Variations of Storm Time Magnetic Field
Residuals

3.1.1. Magnetic Storm of 22 July 2009
[16] The magnetic storm starting on 22 July 2009 was

moderate with very simple structures. Figure 2 provides an
overview of the storm, containing 5 days of hourly averaged
OMNI data from 21 to 25 July 2009. From top to bottom,
traces in Figure 2 show the interplanetary magnetic field
(IMF) BZ component, the solar wind density NSW, velocity
VSW, dynamic pressure PSW, and provisional Dst. The
magnetic storm started shortly after the arrival of an inter-
planetary shock at �01:00 UT on 22 July, as evidenced by
jumps in the NSW and VSW. IMF BZ turned more south-
ward after the shock compression, changing from ��3 to
��15 nT. The strongly negative IMF BZ interval lasted for
�4 h, before it underwent brief northward and southward
excursions. After 12:00 UT on 22 July the magnitude of IMF
BZ became very small. Apparently the moderate magnetic
storm was a consequence of the strong southward turning of
IMF BZ after the shock compression.
[17] Figure 3 shows the LT variations of the northward

component of residuals (dBN) at the six stages of the storm’s
development specified by vertical dashed lines in Figure 2.
Plots in Figure 3 use a format similar to that introduced by

Figure 2. Overview of the 22 July 2009 storm containing 5 days of hourly averaged OMNI data from 21
to 25 July 2009. Shown from top to bottom are the interplanetary magnetic field (IMF) BZ component; the
solar wind density, NSW; velocity, VSW; dynamic pressure, PSW; and the Kyoto provisional Dst index.
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Love and Gannon [2010]. In each panel, the time on the top
corresponds to the center point of the orbit displayed. The
dBN measurements are displayed as functions of spacecraft
magnetic local time (MLT) with the baseline for dBN = 0
denoted by the dashed line circle. Positive/negative dBN is
plotted inside/outside the baseline circle. The radius of the
dashed baseline circle represents a scale of 100 nT. Blue
circles represent values of Dst prevailing at the universal
times (UT) indicated above individual plots. Again, when
the Dst index is positive/negative the blue circle lies inside/
outside of the baseline circle. Thus, radial separations
between the blue and baseline circles represent reported
values of the provisional Dst index.
[18] Solid black traces represent dBN plotted as a function

of MLT along 97 min orbital trajectories. Similarly, the

radial distance between black traces and baseline circles
represent the values of dBN with positive/negative values
inside/outside the baseline circles. Since the C/NOFS orbital
plane does not align with the magnetic equator, the north-
ward residual at the spacecraft is normalized by the cosine of
the magnetic latitudes where measurements were made.
Thus, dBN is the component of the magnetic field residual
parallel to the geomagnetic dipole axis. Red circles in the
various plots represent least squares fits to dBN measure-
ments. Note that off-center circles are used to fit the dBN

data, which results in two fitting parameters: the center and
the radius of the fitting circle (listed in Table 1). Small red
crosses mark the centers of fitted circles. The center of the
fitted circle provides information about dBN’s local time
asymmetry of (1) the center’s MLT indicates where

Table 1. Fitting Parameters for Figure 3a

Fitting Center
MLT (h)

Fitting Center
Displacement (nT)

Fitting Circle Radius
(Baseline Removed) (nT)

Orbital-Averaged
dBN (nT)

Dst Index
(nT)

Time 1, 20:00 UT, 2009-07-21 22.0 4.1 7.6 �7.6 0
Time 2, 03:00 UT, 2009-07-22 18.1 30.2 27.9 �27.0 �15
Time 3, 05:00 UT, 2009-07-22 19.4 55.6 102.4 �100.8 �63
Time 4, 08:00 UT, 2009-07-22 21.7 10.9 78.0 �77.6 �69
Time 5, 23:00 UT, 2009-07-22 16.6 5.8 44.9 �44.9 �41
Time 6, 13:00 UT, 2009-07-24 11.5 3.3 25.7 �25.6 �17

aDate format is year-month-day.

Figure 3. Local time variations of the northward component of the magnetic field residual dBN at various
stages of the storm’s development. The examples correspond to the times marked by the vertical dashed
lines in Figure 2.
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maximum dBN occurs and (2) the magnitude of the dis-
placement between a red circle’s center from the origin is a
measure of the difference between maximum and minimum
dBN, and thus the degree of the MLT asymmetry of dBN.
Radii of fitted circles (after 100 nT baseline removal) are
nearly identical to the absolute value of the orbital-averaged
dBN. As an analogy to how the Dst is estimated from the
ground-based dBN, the orbital-averaged dBN from C/NOFS
data can be used as a real-time provisional Dst index. We
discuss the C/NOFS provisional Dst index in more details in
3.2.
[19] Comparing time lines shown in Figure 2 with the

dBN’s MLT distribution plots in Figure 3 provides a basis for
perceiving the morphology of the ring current’s local time
evolution. The first plot in Figure 3 describes the prestorm
situation when the Dst and dBN traces were closest to the
quiet time baseline. We note that even in very quiet times,
the dBN distribution indicate the ring current is slightly
asymmetric. The red cross centroid was slightly shifted
(4.1 nT) from the origin toward the premidnight sector
where the black and red dBN traces were ��10 nT. The
second and third plots in Figure 3 show dBN distributions
measured during the early main phase and at maximum
epoch, respectively. During the times 2 and 3 the centroid
was shifted toward the dusk-evening MLT sector by 30.2 nT
and 55.6 nT, respectively, a sign that the storm time ring
current quickly becomes very asymmetric during the main
phase. Comparing the red and blue circles we see that near
the dawn meridian (where the minimum dBN occurs) Dst
was slightly more negative than dBN. However, similar to
DMSP observations [Burke et al., 2011], at evening-
midnight local times dBN was significantly more negative
than Dst. This asymmetry is contributed by the rapid devel-
opment of a partial ring current as well as the field-aligned
currents that close the partial ring current in the ionosphere.

The maximum of dBN is in the evening-midnight section
during the main phase.
[20] At time 4, near the early recovery phase and a slight

Dst dip to a second minimum the dBN distribution appears to
be far more symmetric than was detected during the two
previous orbits. The displacement of the red cross centroid
moved back to 10.9 nT. This suggests that the ring current
asymmetry decreased rapidly when the first recovery began,
but was not restored during the brief southward turning of
IMF BZ. Thus, the ring current recovery in this case started
with a rapid decay of the partial ring current. The fifth and
sixth plots indicate that during the later parts of the recovery
phase the Dst and dBN distribution traces come closer
together suggesting that the ring current approached, but did
not fully achieve, exact symmetry.
3.1.2. Magnetic Storm of 29 May 2010
[21] The second example comes from a more complex and

extended disturbance that lasted from 28 May through
8 June 2010. This storm was the largest during the period
between C/NOFS launch and the end of 2010. Data plotted
in Figure 4 show that early on 28 May a sudden increase in
NSW and PSW caused a sudden storm commencement (SSC).
Because IMF BZ was predominantly northward, a prolonged
initial storm phase held the magnetosphere in a compressed
state for most of the day. The main phase began late on
28 May after a sustained southward turning of IMF BZ to
�15 nT. A main phase minimum of �85 nT was reached at
13:00 UT on 29 May. Dst recovery began after a weakening
of IMF BZ south, but was followed by a sequence of minor
ring current reactivations that persisted through the follow-
ing 9 days. Vertical lines in Figure 4 mark eight times cho-
sen to illustrate the temporal evolution and dBN distribution
characteristics across this disturbed period.
[22] Figure 5 shows the eight samples of dBN versus MLT

distributions using the same format as Figure 3. The

Figure 4. Overview of the 29 May 2010 storm containing 14 days of hourly averaged OMNI data from
21 to 25 July 2009. Shown from top to bottom are the interplanetary magnetic field (IMF) BZ component;
the solar wind density, NSW; velocity, VSW; dynamic pressure, PSW; and the Kyoto provisional Dst index.
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corresponding fitting parameters for dBN are listed in
Table 2. The first example at time 1 near 09:00 UT on 28
May is characteristic of the initial phase of magnetic storms
when the magnetosphere is in a compressed state and prior
the main phase of the storm. Except near local midnight, the
red and black dBN traces lie well inside of the baseline circle;
that is, the magnetic field is enhanced due to the compres-
sion of the magnetosphere. The next two samples at times 2
and 3 show that the dBN distribution quickly became highly
asymmetric as the main phase progressed. Again, the cen-
troid of red dBN circles migrated toward the dusk meridian.
Perspectives on the dynamics of the main phase can be
obtained either by overlaying the second and third plots or
by comparing the relationships between the red and black
dBN traces at the beginnings and ends of orbits. At time 2
the orbit began and ended near 04:00 MLT. Over an orbital
period the black dBN trace migrated �50 nT from near the
baseline to near the red circle. Conversely, at time 3 the
orbit began and ended near 10:30 MLT, and dBN increase

by +25 nT from near the blue circle to near the red circle.
These changes are consistent with the ��25 nT decrease
seen in Dst trace between lines 2 and 3 in Figure 4.
[23] Subsequent episodes of recovery (4, 6, 8) and reacti-

vations (5, 7) produced cyclical decreases and increases in
∣dBN∣ with levels of asymmetry, reminiscent of dynamics
seen in Figure 3. At time 4 during the early recovery phase,
dBN remained to be asymmetric, but the degree of asym-
metry reduced significantly comparing with the storm main
phase. The fitting circle center displacement decreased to
15.4 nT at time 4 from 48.9 nT at time 3. This is an indi-
cation of rapid decay of the partial ring current as well as the
associated field-aligned currents. When the ring current
reactivated at time 5, dBN distribution again became highly
asymmetric, as the fitting center displacement increased to
34.8 nT. This dBN distribution pattern repeated for recovery
(times 6 and 8) and reactivation (time 7). At time 8 near the
end of the recovery phase, dBN distribution trace comes
closer to the blue Dst circle but the fitting center displaced

Table 2. Fitting Parameters for Figure 5a

Fitting Center
LT (h)

Fitting Center
Displacement (nT)

Fitting Circle Radius
(Baseline Removed) (nT)

Orbital-Averaged
dBN (nT)

Dst Index
(nT)

Time 1, 09:00 UT, 2010-05-28 0.2 6.5 �16.1 16.6 26
Time 2, 06:00 UT, 2010-05-29 18.2 38.7 60.8 �58.8 �47
Time 3, 13:00 UT, 2010-05-29 18.5 48.9 88.5 �85.4 �85
Time 4, 20:00 UT, 2010-05-29 20.2 15.4 50.6 �50.1 �44
Time 5, 21:00 UT, 2010-05-30 19.2 34.8 59.2 �57.7 �47
Time 6, 17:00 UT, 2010-06-01 16.1 13.3 28.2 �28.3 �19
Time 7, 02:00 UT, 2010-06-04 17.4 20.9 57.0 �56.4 �45
Time 8, 23:00 UT, 2010-06-06 20.2 5.2 19.6 �19.6 �10

aDate format is year-month-day.

Figure 5. Local time variations of the northward component of the magnetic field residual dBN at various
stages of the storm development. Displayed plots correspond to the times of vertical dashed lines in
Figure 4.

LE ET AL.: C/NOFS STORM TIME MAGNETIC MEASUREMENTS A12230A12230

7 of 11



was 5.2 nT from the origin, suggesting that the ring current
did not achieve full symmetry.

3.2. Provisional Dst Index From C/NOFS Data

[24] Data plotted in Figures 6–9 compare real-time Dst
with orbit-averaged values of dBN measured by the magne-
tometer on C/NOFS during four magnetic storms. In
Figures 6–9, the orbit-averaged dBN values have a cadence
of 30 min using data from one full orbit centered at the
epoch times. The hourly Dst indices are linearly interpolated
to the same epoch times as the orbit-averaged dBN. The
storms of 22 July 2009 (Figure 6) and 29 May 2010
(Figure 7) are already familiar from the previously consid-
ered presentation in Figures 2–5. We also compared real-
time Dst with orbit-averaged dBN for two additional
moderate storms with the main phase minima occurred on
2 May 2010 (Figure 8) and 11 October 2010 (Figure 9).
Figures 6–9 display data comparisons in the same way. The
top panels show real-time Dst (red lines) and orbit-averaged
dBN (black stars) plotted as functions of UT across intervals
that span the prestorm though late recovery phases of the
different storms. The bottom panels contain scatterplots of

orbit-averaged dBN versus Dst. Superposed on the plots are
numerical and graphic (red line) results of linear regression
analyses performed on the plotted data. Dashed lines with
slopes of unity are provided for reference. An examination
of these plots yields the following two empirical results.
[25] 1. The dBN data points generally fell below Dst tra-

ces. This was most prevalent near storm time maximum
epochs. It is also reflected in intercepts obtained through
linear regression analyses that consistently ranged between
�7.3 and �11.8 nT.
[26] 2. In all cases the linear regression slopes were near

unity (>0.9) and the correlation coefficients were very high
(≥0.96).

4. Discussion

[27] The purpose of this report has been to demonstrate the
feasibility of monitoring the evolution of the ring current’
distribution in local time during the different phases of
magnetic storms and of extracting a proxy for provisional
Dst in near real time using dBN measurements from science-
grade magnetometers on satellites in low-inclination orbits.
Examples presented in Figures 3 and 5 show local time

Figure 6. Comparison between the Kyoto Dst index and
the dBN proxy determined from the C/NOFS magnetic field
data during the magnetic storm of 22 July 2009.

Figure 7. Comparison between the Kyoto Dst index and
the dBN proxy determined from the C/NOFS magnetic field
data during the magnetic storm of 29 May 2010.
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patterns in dBN perturbations that appear consistent with
analogous ground-based measurements reported by Love
and Gannon [2010]. During the prestorm quiet period,
measured dBN distributions are very close to baselines
established via up-to-date versions of magnetic field models
such as POMME and/or IGRF. During the initial phase dBN

and Dst underwent positive excursions relative to the quiet
time background field. As the main phases progressed the
negative magnetic perturbations, indicative of the ring cur-
rent, became asymmetric with the strongest dBN perturba-
tions found in the dusk-to-midnight local time sector. During
the recovery phase the dBN distributions quickly became
more symmetric in local time and slowly decreased in
magnitude toward baseline values.
[28] In this study, the peak of dBN in the ionosphere

occurs in the dusk and premidnight sectors during storms,
and thus the dBN asymmetry is predominantly between dusk
and dawn. This local time characteristic is different from
in situ magnetic field observations [Le et al., 2004; Ohtani
et al., 2007] and in situ plasma observations [Ebihara et al.,
2002] within the ring current region at high altitudes. In
particular, the in situ observations in the ring current region

indicate that the partial ring current (the asymmetric current
deduced from the magnetic field observations) itself centers
in the midnight and premidnight sector, and the ring current
asymmetry is mainly between day and night [Le et al.,
2004]. The geosynchronous magnetic field observations
also show a day-night asymmetry during storms [Ohtani
et al., 2007]. The similar day-night asymmetry of the ring
current is also found in simulations of plasma dynamics
[e.g., Jordanova et al., 2010] and empirical models [e.g.,
Sitnov et al., 2010]. The apparent dawn-dusk asymmetry of
dBN observed on the ground and in the ionosphere is
believed to be the effect of the strong field-aligned currents
associated with the partial ring current and is the subject of
future studies.
[29] The examples shown in Figures 6–9 demonstrate that

orbit-averaged dBN consistently replicate features found in
Dst traces. In the presented examples dBN data points usu-
ally fell below the real-time Dst traces by about 10 nT. There
are two reasons for the baseline differences. First, the real-
time Dst has known offsets from final Dst index. Second,
such a difference is expected even with final Dst since the
Dst does not consider stable magnetospheric fields such as

Figure 9. Comparison between the Kyoto Dst index and
the dBN proxy determined from the C/NOFS magnetic field
data during the magnetic storm of 11 October 2010.

Figure 8. Comparison between the Kyoto Dst index and
the dBN proxy determined from the C/NOFS magnetic field
data during the magnetic storm of 2 May 2010.
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the 8 nT from the magnetotail currents and a few nT from
the quiet time ring current [e.g., Lühr and Maus, 2010]. The
facts that in all of the presented samples linear regression
analyses yielded slopes slightly below unity and high-
correlation coefficients attest to the fidelity attained in using
dBN measurements as proxies for provisional Dst indices.
From CHAMP observations also a scaling factor around 0.9
is found between Dst and the southward component of the
external field [e.g., Maus and Lühr, 2005].
[30] One might reasonably object that with the presented

data we only demonstrated the feasibility of extracting Dst
from dBN measurements under the restricted conditions of
low-to-moderate geomagnetic and having a current magnetic
field model available. Indeed C/NOFS was launched under
deep solar minimum conditions. Unfortunately, these con-
ditions persisted through the first two and a half years of the
spacecraft mission chosen for the present study. We note
however that similar ground [Love and Gannon, 2010] and
space [Burke et al., 2011] based studies were not restricted
to low-magnetic activity conditions. As mentioned above,
C/NOFS-based local time distributions of dBN measure-
ments appear to be qualitatively similar to those reported by
Love and Gannon [2010] during all phases of the reported
storms. Also, under both moderately and strongly disturbed
conditions dBN measurements from DMSP satellites and
ground station were similar to each other in the commonly
sampled evening and morning local time sectors, indepen-
dent of storm intensity [Burke et al., 2011]. As levels of
geomagnetic activity return toward solar maximum condi-
tions we plan to continue following developments of dBN as
measured by C/NOFS. At this time, we perceive no com-
pelling reason to anticipate failure of the C/NOFS magne-
tometer to accurately monitor the storm time ring current’s
evolution.
[31] The second concern arises from the fact that the

CHAMP satellite, whose onboard magnetometer measure-
ments were used as the basis for the POMME model, reen-
tered the atmosphere in September 2010. For the envisaged
use of data from magnetometers on low-inclination satellites
to extract useful information about the local time distribution
of the ring current and Dst proxies, we regard having an
up-to-date model like POMME more as a convenience than
a necessity. For example, Burke et al. [2011] used quiet time
(0 ≥ Dst ≥ �7 nT) measurements of dBN acquired as DMSP
satellite crossed the dip equator and IGRF 2005 to establish
evolving baselines across the years 2006–2009. Correlations
coefficients between provisional Dst and the DMSP-based
proxies >0.95 during the studied period. In cases of satellites
in low-inclination orbits, establishing a baseline is a bit more
complex. Account must be taken for magnetic latitude as
well as longitude variations. Standard spherical harmonic
fitting procedures should make the task doable.
[32] The final question to be addressed is: “So what”?

Granting that it is feasible to derive a realistic proxy for
provisional Dst from dBN measurements, what practical
advantages does this capability offer? We have already
alluded to the fact that the proxy provides remotely sensed
information about the energy content and MLT distribution
of the ring current. Knowing these two bits of information
combined with regularly measured particle and magnetic
field distributions at geostationary altitude will provide
useful boundary conditions for improved modeling and

understanding the storm time dynamics of the inner mag-
netosphere. A still more compelling argument can be made
for obtaining real-time Dst proxy as a key for determining
thermospheric drag on objects in low-Earth orbit (LEO).
Bowman et al. [2008] showed that using the Dst index as a
predictor storm time of drag effects reduced errors from
about 65 to 15%. On this basis they recommended that the
Air Force Space Command use Dst rather than the presently
used ap index be used in the development of operational
models used to specify and/or predict atmospheric drag
exerted on space objects in low-Earth orbit (LEO) for colli-
sion avoidance [Wright, 2007]. The referenced studies of
Love and Gannon [2010] and Burke et al. [2011] are direct
responses to this challenge. Atmospheric drag and collision
avoidance represent space weather issues that will be with us
for the very long term. At this stage it seems prudent to
explore all options for providing timely and sure access to
this unexpected key to managing them.

5. Summary and Conclusions

[33] In this paper, we demonstrate that in situ magnetic
field data from C/NOFS taken at low-latitude ionosphere
enable us to study temporal evolution and local time varia-
tions of the ring current during magnetic storms. C/NOFS
measurements consistently show that the ring current is very
asymmetric during the main phase of magnetic storms. The
ring current during the recovery phase quickly becomes
more symmetric suggesting rapid decay of the partial ring
current at the recovery. However, the data show that the ring
current remains asymmetric during the quiet time and
throughout the recovery phase and does not achieve pure
symmetry.
[34] This paper also demonstrates that with little interven-

tion beyond standard data reduction procedures for VEFI
magnetometer measurements, we can extract a parameter
dBN whose orbit-averaged characteristics mimic those of the
provisional Dst index. Correlations between Dst and the
C/NOFS-based proxy consistently exceeded 0.96. Local time
distributions of dBN appear similar to those found in the
different phases of magnetic storms as reported by Love and
Gannon [2010] using simultaneous measurements 25 ground
stations. This information provides remotely monitored
information about the local time distribution of ring current
energy in the inner magnetosphere throughout the develop-
ment of large geomagnetic disturbances. The discovery that
estimates of storm time atmospheric drag effects on LEO
space objects are greatly improved using Dst as a model
driver [Bowman et al., 2008] underscores the utility of
extracting dBN as a real-time driver for orbit calculation
models. Because collision avoidance is a serious and ongoing
concern for all space-faring nations, the maintenance of
accurate and up-to-date models of the Earth’s main field is
of long-term benefit to all.
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